Minireview
==========

T lymphocytes have a difficult existence. As mature cells, they are essential for immunity to infection, but in the early stages of their development in the thymus, more than 90% of them fail selection for the appropriate antigen receptors and die before export to the peripheral immune system. Those that achieve maturity spend weeks, months or even years circulating through the body, in constant search of a foreign antigen that their antigen-specific receptor can recognize, and needing continuously to compete for trophic signals necessary for their survival. Most fail to find an antigenic match and remain as small resting cells until death. A few encounter the right partner and undergo a transient bout of exponential clonal expansion, only for more than 90% of these progeny to be lost by apoptosis shortly after the antigen is cleared. The remaining 10% are maintained as memory cells (Figure [1](#F1){ref-type="fig"}), conferring lasting protection.

![Schematic diagram of T cell dynamics in normal mice. The width of the arrows denotes the rate of death and division or of transit from one pool to another. Naïve T cells are T cells that have matured and left the thymus where they are generated, but have not yet encountered antigen. RTEs, recent thymic emigrants; Ag, antigen.](jbiol198-1){#F1}

In normal individuals the T cell population shows excellent homeostatic control, with stable numbers for decades in adult humans, except for intermittent bursts of expansion during infection. Moreover, this homeostasis applies not only to the total number of T cells but to the proportions of these cells in the two major functional subsets of T lymphocytes - CD8^+^T cells, whose principal function is to kill virus-infected cells, and CD4^+^T cells, which are critical for activating other immune cells, including CD8^+^T cells and the B cells that that secrete antibodies. Understanding what happens to the performance of the immune system when this balance is disturbed is of both fundamental interest and clinical relevance. In perhaps one of the most relevant examples, HIV-infected individuals lose their CD4^+^T cells, a loss that results in acquired immunodeficiency syndrome (AIDS) and death from secondary infections if the original infection is untreated.

In this issue of *Journal of Biology*, Marques *et al*. \[[@B1]\] present a novel genetic approach to eliminating CD4^+^T cells that the authors present as a mouse model of HIV-induced CD4^+^T cell death. Marques *et al*. \[[@B1]\] marked activated CD4^+^T cells for elimination in mice through genetic manipulation of a protein known as OX40 (TNFRSF4), which is expressed by almost all antigen-stimulated (and thus activated) CD4^+^T cells \[[@B2]\]. Their strategy was to construct a mouse in which the *Tnfrsf4*gene encoding OX40 drives expression of Cre recombinase. This enzyme, in turn, mediates the activation of a gene encoding diphtheria toxin A fragment (DTA), whose expression results in the death of the activated CD4^+^T cell within 48 hours of induction of OX40 expression. In these mice (referred to from here on as OX40-DTA mice), about 55% of memory CD4^+^T cells are always in the process of being deleted, whereas other immune cell populations, including naïve circulating CD4^+^T cells, remain largely intact in overall number, although they show an increased rate of conversion to an activated state. The loss of activated CD4^+^T cells is accompanied by partial immunodeficiency, which was seen following infection with Friend virus, influenza A virus and *Pneumocystis murina*. In these several respects, the model phenocopies some of the pathology of HIV infection, and it would be tempting, therefore, to conclude that these data show that direct cytopathicity of HIV for activated CD4^+^T cells is the driving force in the T cell loss and resulting immunodeficiency in AIDS patients.

However, there is a complication. A subpopulation of CD4^+^T cells called T regulatory cells (Tregs) that suppresses immune activation and is thought to be important in preventing autoimmunity is specifically targeted in the OX40-DTA mouse. (The different subsets of CD4^+^ cells are illustrated in Figure [2](#F2){ref-type="fig"}). Most Tregs constitutively express OX40 \[[@B3]\], and Marques *et al*. \[[@B1]\] find that over 80% of these T cells are also lost in the OX40-DTA mice. Their data suggest that the loss of these regulatory and/or activated CD4^+^T cells results in substantial changes in T cell dynamics and induces chronic immune activation, which is a key characteristic of HIV infection. This raises interesting questions about both lymphocyte dynamics in the absence of antigen and the possible relevance of these results \[[@B1]\] to HIV infection.

![The major subsets of CD4^+^T cells that differentiate from naïve circulating cells. Naïve T cells differentiate into at least four functional subsets following stimulation by antigen presented by dendritic cells, which are specialized for driving the activation of T cells and are thought to help direct their differentiation by differential secretion of cytokines determining the different subsets. Three subsets - T~H~1, T~H~2 and T~H~17-activate other immune cells with distinct roles in immunity, including B cells, which secrete antibody, natural killer (NK) cells, which are important in defense against viruses, and inflammatory cells, such as neutrophils and macrophages (which also have non-inflammatory functions). The fourth subset shown here comprises regulatory T cells (Tregs), which suppress the activation of the other subsets, partly by acting on dendritic cells. Modified from Figure 5-22 in DeFranco AL, Locksley RM, Robertson M: *Immunity: The Immune Response in Infectious and Inflammatory Disease*. London: New Science Press; 2007.](jbiol198-2){#F2}

CD4^+^T cell loss in HIV-infected individuals
=============================================

Although it is known that HIV kills activated CD4^+^T cells, it is still a major unresolved question why these cells progressively decline after infection. It is clear that in infected individuals, the rate of loss of CD4^+^T cells is greater than the rate of production so that the CD4^+^T cell pool is gradually eroded over time, but it remains to be determined how the balance between these processes is impaired. It is unlikely that direct killing of infected target cells by HIV is sufficient to cause CD4^+^T cell depletion. Natural hosts for simian immunodeficiency virus (SIV), such as sooty mangabeys, do not progress to AIDS and maintain near-normal levels of peripheral CD4^+^T cell numbers despite high rates of viral replication \[[@B4]\]. In fact, the level of immune activation is a better predictor of disease progression than viral load. Consistent with this, HIV infection in humans leads to chronic generalized immune activation characterized by an increased rate of exit of CD4^+^and CD8^+^T cells and of natural killer (NK) cells from the resting state, increased T and NK cell turnover and death, polyclonal B cell activation with increased levels of gamma globulins, and elevated production of pro-inflammatory cytokines. Conversely, chronic immune activation is not seen following SIV infection in natural hosts that do not show progression to AIDS \[[@B4]\].

Two general causal models have been proposed to account for the association between HIV infection and immune activation. The first is that T cell homeostasis is disrupted by the chronic activation of the innate immune system by HIV infection. The cells of the innate immune system recognize and are activated by conserved components of microorganisms, and include inflammatory cells and specialized cells known as dendritic cells that are critical in the activation of T lymphocytes (Figure [2](#F2){ref-type="fig"}). HIV stimulates innate immunity in two ways. It directly activates a subset of dendritic cells known as plasmacytoid dendritic cells, leading to production of large amounts of type I interferon, an antiviral cytokine that has been associated with disease progression \[[@B5],[@B6]\]. HIV can also indirectly cause innate immune stimulation because the infection results in damage to the integrity of mucosal surfaces and the translocation of pro-inflammatory microbial products from the intestinal lumen into the circulation \[[@B7]\]. The ensuing release of inflammatory cytokines by innate immune cells may result in generalized immune cell activation, increasing T cell division and promoting senescence, apoptotic death, or clearance by various mechanisms. Chronic immune activation may also result in bone marrow suppression, reduced thymic function and changes in lymphoid tissue architecture, all of which could reduce the capacity of the T cell pool to maintain itself.

The second possibility is the inverse - that HIV infection dysregulates CD4^+^T cell homeostasis and that it is the decline in CD4^+^T cell numbers that leads to chronic immune activation. However, HIV infection is associated with activation of multiple distinct branches of the immune system, and it is not obvious how this could reflect a simple homeostatic response to the loss of CD4^+^T cells. It is also difficult to reconcile with the observation that there is a rapid decrease in levels of immune activation following antiretroviral therapy, despite persistent low CD4^+^T cell numbers \[[@B8]\]. A variant of the CD4^+^T depletion hypothesis more consistent with available data is that the loss of particular subsets of effector CD4^+^T cells, presumably as a result of direct viral depletion, may contribute to generalized immune activation. For instance, the reduced level of T~H~17-type T helper cells (Figure [2](#F2){ref-type="fig"}) in the gastrointestinal tract has been proposed to have a key role in the loss of the integrity of the intestinal mucosa during HIV infection, enabling the translocation of microbial constituents from the intestinal tract into systemic circulation, as discussed above \[[@B9]\]. It has also been suggested that a reduction in Tregs contributes to the aberrant levels of immune activation, as concluded in the Marques *et al*. paper \[[@B1]\], although (as discussed in their paper and below) it is still unclear whether this population is indeed decreased during HIV infection \[[@B10]\].

Clearly, the two possible causal relationships between chronic immune activation and CD4^+^T cell loss are not mutually exclusive. In fact, chronic immune activation and the loss of CD4^+^T cells may amplify each other in a loop that makes it difficult to establish which process underlies and drives the other.

Given the complexity of T cell dynamics and the numerous as yet undefined perturbations to normal T cell homeostasis that HIV is likely to induce either directly or indirectly, together with the difficulties in following the dynamic changes in the T cell compartment in the whole body in humans or primates, there is a case to be made for investigating aspects of HIV pathogenesis in mouse models. Although any results have to be extrapolated to the human system with caution, the extensive array of tools available in experimental mouse models to track the rates of division and death of T cells, the rates of flux between naïve and memory pools, and the maintenance of T cell populations over time within lymphoid and peripheral tissues enables a more complete accounting of T cell numbers to be undertaken.

Marques *et al*. \[[@B1]\] suggest that the OX40-DTA mouse is one approach to this issue and that the findings in these mice provide important insight into the control of lymphocyte dynamics in infected humans. Indeed, in the absence of exogenous infection, OX40-DTA mice do show features consistent with generalized immune activation (Table [1](#T1){ref-type="table"}), including an expansion of effector CD8^+^T cell numbers that inverts the usual CD4^+^:CD8^+^T cell ratio, and increased serum levels of inflammatory cytokines. This generalized activation cannot be attributed to the release of microbial components into the circulation from the gut, because deletion of activated CD4^+^T cells does not in itself lead to a breach in the gut epithelium. Notably, Marques *et al*. \[[@B1]\] show that the expansion of effector CD8^+^T cells and increases in serum levels of inflammatory cytokines can be reversed following reintroduction of Tregs from normal mice, suggesting that the increased immune activation in OX40-DTA mice can in part be ascribed to a Treg insufficiency, which they propose is a key event in HIV-infected individuals leading to CD4^+^T cell depletion. However, the reality is a bit more complicated, as we discuss below.

###### 

Cellular dynamics in OX40-DTA mouse model \[[@B1]\]

                     Numbers (%)\* (YFP^+^(%)^†^)   Turnover                 Death^‡^
  --------- -------- ------------------------------ ------------------------ ----------
  CD4^+^    Naïve    -12 (8)                        CFSE ↑, Ki67 ≈, BrdU ≈   ND^§^
            Memory   0 (55)                         Ki67 ↑, BrdU ≈           ↑
            Treg     -40 (80)                       Ki67 ↑, BrdU ↑           ↑
                                                                             
  CD8^+^    Naïve    +4 (1)                         CFSE ≈                   ND
            Memory   +133 (3)                       BrdU ≈                   ND
                                                                             
  B cells            +53                                                     

\*Percentage decrease or increase in cell population numbers compared with normal controls. ^†^Percentage of cell population marked for DTA-mediated deletion by the yellow fluorescent protein marker (YFP). ^‡^Determined by loss of BrdU-labeled cells, which might also be influenced by dilution of label following proliferation. ND, not done; ≈, approximately equal to normal controls; ↑, increased compared with normal controls; ^§^The increase in BrdU labeling was too low to be determined. The method by which cell turnover was assessed is indicated: BrdU, bromodeoxyuridine, is incorporated into the DNA of proliferating cells upon administration to mice; CFSE, carboxyfluorescein succinimidyl ester, is diluted out from adoptively transferred CFSE-labeled cells with each successive division; Ki67, a protein that is expressed in the nucleus of recently divided cells.

T cell dynamics in OX40-DTA mice and HIV-infected humans
========================================================

Changes in the underlying dynamics of the CD4^+^and CD8^+^T cell compartments in the OX40-DTA mouse are summarized in Table [1](#T1){ref-type="table"} and Figure [3](#F3){ref-type="fig"}. Although there is no alteration in the size of the naïve and memory CD4^+^T cell pools, there is an increase in the rate of entry of naïve CD4^+^T cells into the memory compartment, and an increase in turnover in both. In contrast, the rate of entry of naïve CD8^+^T cells into the memory compartment remains unchanged, but the size of the memory CD8^+^T cell compartment is almost doubled (Figure [3](#F3){ref-type="fig"}).

![Schematic diagram of dynamic changes in T cell compartments described in OX40-DTA mice \[[@B1]\]. The width of the arrows denotes the rate of death and division or of transit from one pool to another. RTEs, recent thymic emigrants.](jbiol198-3){#F3}

Naïve and memory CD4^+^T cell division and death rates (turnover) are increased in both HIV infection and the OX40-DTA mouse. However, whether the increased turnover of the CD4^+^compartment in the OX40-DTA mouse is a result of Treg depletion or of the deletion of activated cells, or both, is not yet clear. If the increased recruitment of naïve CD4^+^T cells in OX40-DTA mice is due to Treg depletion, why are naïve CD8^+^T cells unaffected by the loss of these regulatory cells? Perhaps the more likely explanation for the increased turnover of the naïve and memory CD4^+^T cell pool is that it results directly from the continuous depletion of activated CD4^+^T cells, which provides empty niches and removes the competition for signals (cytokines and other molecules) required for transit into the activated/memory pool. This would explain why naïve CD4^+^T cells but not naïve CD8^+^T cells are being recruited to the memory pool in the OX40-DTA mouse.

It is still a matter of debate whether continuous recruitment of naïve T cells is required to maintain CD4^+^T cell numbers during HIV infection, because memory cells themselves are self-renewing. On one hand, the increased naïve T cell turnover and decreased naïve T cell numbers during HIV infection \[[@B8],[@B11]\] have led to the hypothesis that progression to AIDS occurs because continuous recruitment of naïve T cells is required to maintain the memory pool and this eventually becomes unsustainable \[[@B12]\]. On the other hand, SIV-infected rhesus macaques can progress to AIDS without naïve CD4^+^T cell depletion \[[@B13]\], arguing against a role for CD4^+^naïve T cell depletion in disease progression. However, in SIV-infected rhesus macaques, in which disease progression is generally faster than it is in HIV-infected humans, there is a decrease in naïve CD4^+^T cells in animals with slower disease progression \[[@B14]\]. This might imply that continuously recruiting naïve T cells can actually delay disease progression.

What do we learn from the OX40-DTA mouse? In these animals, even the ongoing depletion of nearly all activated CD4^+^T cells does not result in the progressive erosion of naïve and memory CD4^+^T cells seen during HIV infection \[[@B1]\]. Thus, artificially increasing the death of activated CD4^+^T cells does not, on its own, seem to have any impact on CD4^+^T cell compartment homeostasis. However, this may, at least in part, reflect a difference between humans and mice, in that thymic output in adult mice is relatively high compared with that of humans in mid-life \[[@B15]\] and could counteract the losses in the naïve CD4^+^T cell pool in the OX40-DTA mouse. There are other important differences in lymphoid dynamics between the OX40-DTA mouse and HIV-infected humans: memory CD8^+^T cell numbers are increased in both, yet although memory CD8^+^turnover seems unaffected in OX40-DTA mice, it is increased during HIV infection \[[@B8]\]. Naïve CD8^+^numbers and recruitment are unaltered in the OX40-DTA mouse model, whereas naïve CD8^+^numbers are decreased and naïve CD8^+^proliferation is increased during HIV infection \[[@B8],[@B11]\]. These considerations limit the extent to which data in the mouse can be directly extrapolated to HIV-infected humans.

Regulatory T cells in HIV infection
===================================

Is the role suggested by Marques *et al*. \[[@B1]\] for Tregs in immune activation in the OX40-DTA mouse consistent with what we know about HIV infection? This question is not straightforward to answer. HIV does not demonstrably infect Tregs at a higher frequency than non-Treg CD4^+^T cells \[[@B16]\], so these cells would not be expected to be deleted preferentially as is the case in the OX40-DTA mouse. But neither the role nor the status of Tregs in HIV infection is clear. First, opposing roles have been hypothesized for Tregs \[[@B10],[@B17]\], each with some evidence to support it. On one hand, Tregs are thought to have a detrimental effect during HIV infection by suppressing anti-HIV immune responses. Indeed, a positive correlation has been described between the fraction of Tregs within the CD4^+^T cell pool and viral load (reviewed in \[[@B10]\]). On the other hand, Tregs have been hypothesized to be beneficial by reducing chronic immune activation and limiting inflammatory responses. Evidence for this comes from studies showing a negative correlation between the percentage of Tregs within total T cells and both CD4^+^and CD8^+^T cell activation \[[@B17]\]. Second, the status of Tregs in HIV-infected individuals is murky, with reports suggesting both increased and decreased numbers, perhaps because of different assays used to measure the size of this compartment. Furthermore, in correlating disease progression with Tregs, the measure of Tregs that is used (for example, the Treg fraction within CD4^+^T cells, within total T cells or within total hematopoietic cells, or the absolute numbers of Tregs) can greatly influence the outcome of the analysis. Part of the problem is that whereas in mice Tregs can be unambiguously identified by two markers - the transcription factor FoxP3, which is exclusively expressed by Tregs in this species, and high levels of CD25, a cytokine receptor expressed on activated T cells - in humans, CD25 levels on Tregs are only marginally higher than those on effector CD4^+^T cells, and FoxP3 is not exclusively expressed by Tregs, so they are more difficult to quantify accurately.

The role of microbial translocation
===================================

During HIV infection, high systemic levels of the microbial product lipopolysaccharide, a potent inflammatory stimulus also known as endotoxin, have been shown to correlate with increased T-cell activation. Despite this correlation, it has not been clear whether endotoxemia directly causes chronic immune activation and concomitant CD4^+^T-cell depletion, or whether it only reflects loss of CD4^+^host protection or the amount of mucosal damage by existing levels of immune activation. Marques *et al*. \[[@B1]\] have addressed this important question by extending their studies to a second model mouse (the NEMO mouse \[[@B18]\]), which is engineered to allow systemic leakage of microbial components from the gut (known as microbial translocation), and they do not detect any striking effects on T cell numbers or incorporation of bromodeoxyuridine (BrdU) in these mice, suggesting that microbial translocation may not be the cause of general immune activation. However, further analysis is warranted before a role for microbial translocation on T cell dynamics can be excluded.

A reductionist approach to HIV pathogenesis
===========================================

Where do all these twists and turns leave us, especially with respect to the insights that can be gleaned from the Marques *et al*. study \[[@B1]\]? Although mouse models are unlikely to entirely reproduce the complex etiology of AIDS, there is a clear need to shed more light on the dynamic processes underlying disease progression during HIV infection, and experimental models may provide important opportunities to do so. With the goal of investigating key processes in the absence of direct infection, rather than replicating HIV pathogenesis, it is likely that not only the similarities with HIV infection, but also the differences, will teach us something about the basic biology of the system. For instance, the study by Marques *et al*. \[[@B1]\] highlights the impact that the depletion of activated CD4^+^T cells can have on the dynamics of the CD4^+^T cell pool and shows that imbalances that result from this process can, by causing a deficiency of Tregs, affect other branches of the immune system. Interestingly, in this mouse model the depletion of activated CD4^+^T cells does not progressively erode the CD4^+^T cell pool, suggesting that even removing a large proportion of activated CD4^+^T cells does not, on its own, impair the renewal capacity of the CD4^+^T cell compartment. (However, the continuous recruitment of naïve CD4^+^T cells was required to prevent the erosion of the CD4^+^T cell pool, and as we pointed out earlier, this may be harder to sustain in humans because of loss of thymic function). In addition, systemic microbial translocation did not induce any immediate changes resembling the cellular dynamics seen during HIV infection.

Overall, insights gained from such reductionist approaches might inform studies more difficult to undertake in humans or primates. In addition, they may generate novel hypotheses as to how the balance of production and loss of CD4^+^T cells can be therapeutically altered in the setting of HIV infection to prevent the decline of CD4^+^T cells or restore their renewal capacity.
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